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1. INTRODUCTION {#cas13842-sec-0001}
===============

Renal cell carcinoma is one of the most common urological neoplasms, accounting for 2%‐3% of all adult malignancies.[1](#cas13842-bib-0001){ref-type="ref"} Treatment options currently applied for RCC include surgery and systemic treatment with a combination of drugs.[2](#cas13842-bib-0002){ref-type="ref"} Recurrent disease after radical nephrectomy or nephron‐sparing surgery is a serious clinical problem in the treatment of RCC.[3](#cas13842-bib-0003){ref-type="ref"} Effective therapies are needed to reduce the recurrence rate of RCC. Cytokines (i.e. IL‐2, IFN‐α) have been largely used to prevent recurrence in the past few years.[4](#cas13842-bib-0004){ref-type="ref"} However, decreased frequencies of circulating myeloid and dendritic cells may partly limit the therapeutic efficacy.[5](#cas13842-bib-0005){ref-type="ref"} Long‐term complete responders are rare, so non‐specific immunotherapy is rarely used nowadays.[6](#cas13842-bib-0006){ref-type="ref"}

At present, therapeutic vaccines have been extensively used to generate endogenous tumor‐reactive T cells for cancer treatment.[7](#cas13842-bib-0007){ref-type="ref"}, [8](#cas13842-bib-0008){ref-type="ref"} As a result of the weak immunogenicity of tumor cells, cytokines with immunopotentiating effects are widely used for immunotherapy of tumors.[9](#cas13842-bib-0009){ref-type="ref"}, [10](#cas13842-bib-0010){ref-type="ref"} We have developed a technology that immobilizes SA‐tagged bioactive cytokines on the surface of biotinylated tumor cells to prepare tumor cell vaccines. This type of therapeutic vaccine not only maintains the biological activity of the cytokine but also contains all tumor antigens.[11](#cas13842-bib-0011){ref-type="ref"}, [12](#cas13842-bib-0012){ref-type="ref"}, [13](#cas13842-bib-0013){ref-type="ref"} This type of therapeutic vaccine can induce specific antitumor T‐cell responses, which could significantly delay tumor growth. However, this immunotherapy could not completely eradicate the tumor, and the therapeutic effect was usually restricted to the early stage of tumor growth. The limited therapeutic effect of this vaccination approach might be because vaccine‐generated T cells become dysfunctional when they infiltrate into the TME. Immunity decreases with tumor growth because of tumor immune evasion existing in the TME.[14](#cas13842-bib-0014){ref-type="ref"} Immune checkpoint blockade is a major advance in clinical immunotherapy. Blockade of PD‐1/PD‐L1 has shown therapeutic efficacy in the treatment of several advanced malignancies.[15](#cas13842-bib-0015){ref-type="ref"}, [16](#cas13842-bib-0016){ref-type="ref"}

Programmed death receptor‐1/PD‐L1 signaling plays a pivotal role in tumor immune evasion.[17](#cas13842-bib-0017){ref-type="ref"} PD‐1 mainly expresses on activated T cells. PD‐L1 expresses on tumor cells, allophycocyanin‐streptavidin（APC）, B cells, and parenchymal cells. PD‐1/PD‐L1 interaction inhibits antitumor immune response by blunting the functions of T cells or inducing T‐cell death.[18](#cas13842-bib-0018){ref-type="ref"} Several studies have reported a high level of PD‐L1 expression in RCC.[19](#cas13842-bib-0019){ref-type="ref"} PD‐L1 expression in the TME is correlated with a poor prognosis.[20](#cas13842-bib-0020){ref-type="ref"} Anti‐PD‐1 antibody has a specific therapeutic effect in treating RCC by rescuing dysfunctional T cells. However, anti‐PD‐1 monotherapy could not induce a specific antitumor immune response.[21](#cas13842-bib-0021){ref-type="ref"}, [22](#cas13842-bib-0022){ref-type="ref"} Cancer vaccine‐based immunotherapy is a potential strategy to activate effector T‐cell trafficking into the TME.

As a T‐cell growth factor, IL‐2 has been largely used to treat RCC in the past few years.[23](#cas13842-bib-0023){ref-type="ref"} This study showed that SA‐IL‐2 surface‐modified whole tumor cell vaccine could enhance tumor‐specific cytotoxic T‐lymphocyte activity and antitumor responses in vivo. However, PD‐1/PD‐L1 signaling limited the therapeutic efficacy of SA‐IL‐2‐modified vaccine. Therefore, we speculated that PD‐1 blockade combined with tumor vaccine might hold greater potential for eliciting a strong specific immune response. In the present study, we evaluated the efficacy of a combination therapy involving the SA‐IL‐2 surface‐modified tumor cells vaccine and PD‐1 blockade in a RCC mouse model. This preclinical study may provide some experimental basis for applying this type of combination therapy in the treatment of human RCC.

2. MATERIALS AND METHODS {#cas13842-sec-0002}
========================

2.1. Animals and cells {#cas13842-sec-0003}
----------------------

Mouse renal tumor cell line Renca and mouse melanoma cell line B16‐F10 (obtained from the American Type Culture Collection) were stored at our laboratory. Cell lines were authenticated every 6‐12 months. Renca cells were cultured in RPMI1640 (containing 10% FBS, 1% penicillin/streptomycin and 0.1% sodium pyruvate) in a 5% CO~2~ humidified incubator. MycoplasmaOUT (Genloci, Nanjing, China) was used to protect the cells against mycoplasma contamination. SA‐IL‐2 and SA‐GFP fusion proteins were prepared by our laboratory. BALB/C mice were purchased from the experimental animal center of Southern Medical University (Guangzhou, China). All animal experiments were carried out in accordance with relevant laws and institutional guidelines (Ethical number: L2016152).

2.2. Vaccine preparation {#cas13842-sec-0004}
------------------------

We used 30% ethanol (v/v) to inactivate Renca cells, and this method could maintain cell shape and size.[24](#cas13842-bib-0024){ref-type="ref"} Ethanol‐fixed Renca cells were incubated with EZ‐Link Sulfo‐NHS‐LC‐Biotin (Pierce, Rockford, IL, USA) for 1 hour at room temperature. The biotinylated Renca cells were then incubated with SA‐IL‐2 fusion protein (100 ng/10^6^ cells) for 1 hour. The Renca cell anchored SA‐IL‐2 protein is a whole tumor cell vaccine.

To evaluate the anchoring efficiency of SA‐IL‐2 protein, the Renca cell anchored SA‐IL‐2 protein was stained with phycoerythrin (PE)‐labeled anti‐IL‐2 (eBioscience, San Diego, CA, USA) for 30 minutes. Flow cytometry was used to detect the SA‐IL‐2 protein anchored on the surface of Renca cells.

2.3. Biological activity of SA‐IL‐2 anchored on the surface of Renca cells {#cas13842-sec-0005}
--------------------------------------------------------------------------

The SA‐IL‐2‐modified Renca cell vaccine was collected and lysed by three cycles of freezing and thawing. Membrane fractions were harvested and resuspended in complete medium. Bioactivity of SA‐IL‐2 protein anchored on the surface of Renca cells was assessed by hPBL proliferation. SA‐GFP was set as the negative control and recombinant IL‐2 was set as the positive control. Different concentrations of cell membrane fractions were added to 1 × 10^4^ hPBL in each well, and then incubated in a 5% CO~2~ humidified incubator for 3 days. Then, 20 μL MTT (5 mg/mL) was added to each well for 4 hours and 200 μL DMSO was used to terminate the reaction. Optical density (OD) at 570 nm was read on a microplate reader.

2.4. Immunotherapy with SA‐IL‐2‐modified Renca cell vaccine {#cas13842-sec-0006}
-----------------------------------------------------------

A total of 2 × 10^6^ Renca cells suspended in 100 μL PBS were injected s.c. into the hind leg of BALB/C mice (6 weeks) to established a subcutaneous model. Mice were then randomly assigned to four groups (anchored IL‐2 vaccine group; soluble SA‐IL‐2 group; ethanol‐fixed Renca cell group; and PBS group). For the anchored IL‐2 vaccine group, mice were injected s.c. with SA‐IL‐2 surface‐modified vaccine (1 × 10^6^ cells/100 μL) on days 0, 4, 8 and 12 after tumor injection. For the other three groups, the mice were injected s.c. with soluble SA‐IL‐2 (1 ng/100 μL), ethanol‐fixed Renca cells (1 × 10^6^ cells/100 μL), and PBS (100 μL) on days 0, 4, 8 and 12 after tumor injection, respectively.

2.5. Programmed death ligand‐1 expression and PD‐1^+^CD8^+^ T‐cell infiltration after SA‐IL‐2‐modified vaccine therapy {#cas13842-sec-0007}
----------------------------------------------------------------------------------------------------------------------

On day 19 after tumor injection, tumor tissues were collected from each group. The frozen sections were fixed in cold acetone for 15 minutes and incubated with rabbit anti‐mouse PD‐L1 (eBioscience) or rabbit anti‐mouse PD‐1 (eBioscience) + rat anti‐mouse CD8 (eBioscience) for 1 hour. Slides were washed with TBST for 5 minutes and secondary Abs (Alexa Fluor 647‐labeled goat anti‐rabbit Abs and/or Alexa Fluor 488‐labeled goat anti‐rat Abs; eBioscience) were added and incubated for 30 minutes. Slides were washed with TBST for 10 minutes and mounted with a Vectashield DAPI containing kit (Sigma, Saint Louis, MO, USA). PD‐1^+^CD8^+^ T cells and expression of PD‐L1 in the TME were then observed through a fluorescence microscope (Eclipse E800; Nikon, Tokyo, Japan).

2.6. Combination therapy with SA‐IL‐2‐modified vaccine and PD‐1 blockade {#cas13842-sec-0008}
------------------------------------------------------------------------

A subcutaneous model was established by injecting 2 × 10^6^ Renca cells suspended in 100 μL PBS into the hind leg of BALB/C mice (6 weeks). Mice were then randomly assigned to four groups (IgG group; anti‐PD‐1 group; anchored IL‐2 + IgG group; and anchored IL‐2 + anti‐PD‐1 group \[combined group\]). Mice in the combined group were injected s.c. with SA‐IL‐2‐modified vaccine (1 × 10^6^ cells/100 μL) and injected i.p. with anti‐PD‐1 antibody (100 μg) on days 0, 4, 8 and 12 after tumor injection. For the other three control groups, mice were injected s.c. or injected i.p. with IgG (100 μg), anti‐PD‐1 (100 μg) or SA‐IL‐2 surface‐modified Renca cell vaccine (1 × 10^6^ cells/100 μL) + IgG (100 μg), respectively. All mice were maintained on a 12‐hour light/dark cycle and provided with free access to feed and water. During the observation, tumor volume was recorded. Tumor specimens were collected and tumor weight was evaluated.

2.7. Specific immune response induced by combination therapy {#cas13842-sec-0009}
------------------------------------------------------------

Splenocytes were collected from the mice of each group on day 19 after tumor challenge. The splenocytes were cultured with inactivated Renca cells plus 20 U/mL hIL‐2 (R&D Systems, Minneapolis, MN, USA) for 5 days. The effector cells (splenocytes) and target cells (Renca cells) were cocultured in a 96−well plate at the desired E:T ratios (number of effector cells : number of target cells). The supernatant was collected after 4 hours of incubation. CytoTox 96 non‐radioactive cytotoxicity assay (Promega, Madison, WI, USA) was used to measure lactate dehydrogenase (LDH) content to assess the cytotoxicity of tumor‐specific CTL. CTL was calculated as follows:$$\begin{array}{cl}
\text{CTL} & {= (\text{experimental} - \text{effector\ spontaneous}} \\
 & {- \text{target\ spontaneous})/(\text{target\ maximum} - \text{target\ spontaneous}) \times 100\%.} \\
\end{array}$$

To determine the specific immunity against Renca cells in vivo on day 60, the surviving mice in the combined group were injected s.c. with 2 × 10^6^ Renca cells (in the left hind leg) and melanoma cells (in the right hind leg), and tumor volume was recorded.

2.8. Flow cytometry analysis of T‐cell subsets after combination therapy {#cas13842-sec-0010}
------------------------------------------------------------------------

To determine the therapeutic effect of the SA‐IL‐2‐modified vaccine together with PD‐1 blockade on T‐cell subsets, 100 μL blood was collected from each group on day 19 after tumor injection. To detect CD4^+^ and CD8^+^ T‐cell subsets, cells were stained with FITC‐labeled anti‐mCD4 and APC‐labeled anti‐mCD8 (eBioscience). To detect IFN‐γ^+^CD8^+^, PD‐1^+^CD8^+^ and CD4^+^Foxp3^+^ T‐cell subsets, cells were first stained with APC‐labeled anti‐mCD8 or FITC‐labeled anti‐mCD4 (Biolegend, San Diego, CA, USA), and then stained with PE‐labeled anti‐IFN‐γ, PE‐labeled anti‐PD‐1 or PE‐labeled anti‐FoxP3 antibody (Biolegend). T‐cell subsets were detected by flow cytometry.

2.9. Immunohistochemical analyses for tumor‐infiltrating T lymphocytes {#cas13842-sec-0011}
----------------------------------------------------------------------

Tumor specimens were collected from each group on day 19 after tumor injection. All specimens were embedded in freezing medium. The frozen tissue sections were fixed in cold acetone for 15 minutes, and then incubated with primary antibody (anti‐mCD4 \[Bioworld, New Brunswick, NJ, USA\] or anti‐mCD8 \[Epitomics, Burlingame, CA, USA\]) for 1 hour. CD4^+^ or CD8^+^ T lymphocytes were visualized using the anti‐rat Ig SABC kit (Spring Bioscience, Pleasanton, CA, USA). The number of CD4^+^ and CD8^+^ T lymphocytes were counted through a microscope (Eclipse E800; Nikon).

2.10. Concentrations of IFN‐γ, IL‐4, IL‐10 and IL‐12 after combination therapy {#cas13842-sec-0012}
------------------------------------------------------------------------------

Peripheral blood was collected from each group on day 19 after tumor injection. The blood was congealed at room temperature for 20 minutes. The supernatant was collected by centrifugation at 1006.2 g for 5 minutes. ELISA (R&D Systems) was used to measure the concentrations of IFN‐γ, IL‐4, IL‐10 or IL‐12.

2.11. Upregulation of PD‐L1 expression induced by IFN‐γ {#cas13842-sec-0013}
-------------------------------------------------------

To determine the role of IFN‐γ in upregulating PD‐L1 expression, Renca cells were cultured in the presence of IFN‐γ (500 IU/mL) for 72 hours. Cells were then stained with PE‐labeled anti‐mPD‐L1, and mean fluorescence intensity was measured by flow cytometry.

2.12. Effect of PD‐1 blockade on tumor‐specific cytotoxic activity {#cas13842-sec-0014}
------------------------------------------------------------------

Splenocytes were collected from mice in the SA‐IL‐2‐modified vaccine group on day 19 after tumor injection. PD‐1^+^CD8^+^ T‐cell subset was sorted by magnetic beads. The PD‐1^+^CD8^+^ T cells served as effector cells (1 × 10^5^ cells/mL in RPMI‐1640 medium). Renca cells cultured with IFN‐γ for 72 hours served as target cells (1 × 10^4^/mL in RPMI‐1640 medium). Anti‐mPD‐1 antibody (eBscience) was used to block PD‐1, with isotype IgG antibody as a control. CTL was assessed by the CytoTox 96 non‐radioactive cytotoxicity assay (Promega).

2.13. Statistics {#cas13842-sec-0015}
----------------

FACS, ELISA, immunohistochemistry, and immunofluorescence data were analyzed using one‐way ANOVA. Repeated measures analysis was used to compare the tumor volume among groups. All analyses were carried out using SPSS version 19.0 (SPSS Inc., Chicago, IL, USA), with *P *\<* *.05 considered indicative of statistical significance.

3. RESULTS {#cas13842-sec-0016}
==========

3.1. Anchoring efficiency and bioactivity of SA‐IL‐2 protein {#cas13842-sec-0017}
------------------------------------------------------------

Results of flow cytometry assay showed that 99.2% ethanol‐fixed Renca cells were anchored with SA‐IL‐2 fusion protein (Figure [1](#cas13842-fig-0001){ref-type="fig"}A). Moreover, SA‐IL‐2 fusion protein anchored on the surface of Renca cells still maintained its biological activity in a dosage‐dependent way (Figure [1](#cas13842-fig-0001){ref-type="fig"}B).

![Analysis of SA‐IL‐2 protein anchored on the surface of Renca cells. A, Flow cytometry was used to assay the presence of SA‐IL‐2 anchored on the surface of Renca cells, with biotinylated Renca cells as a negative control. B, Biological activity of SA‐IL‐2 immobilized on the surface of Renca cells was assessed. SA‐GFP was the negative control and soluble IL‐2 was the positive control. All the experiments were replicated at least three times (\*\**P *\<* *.01). IL, interleukin; OD, optical density; PE, phycoerythrin](CAS-110-31-g001){#cas13842-fig-0001}

3.2. Programmed death ligand‐1 expression and PD‐1^+^CD8^+^ T‐cell infiltration in TME after SA‐IL‐2‐modified vaccine therapy {#cas13842-sec-0018}
-----------------------------------------------------------------------------------------------------------------------------

As shown in Figure [2](#cas13842-fig-0002){ref-type="fig"}, expression of PD‐L1 (red fluorescence) in the TME was upregulated after SA‐IL‐2‐modified vaccine therapy. Although more CD8^+^ T cells (green fluorescence) infiltrated into the TME in the SA‐IL‐2‐modified vaccine group than that in the other groups (*P *\<* *.05), the number of PD‐1^+^CD8^+^ T cells (yellow fluorescence) also increased (*P *\<* *.05), which eventually resulted in immune evasion.

![Programmed death receptor‐1 (PD‐1)/programmed death ligand‐1 (PD‐L1) signaling exists in the tumor microenvironment after interleukin (IL)‐2‐modified vaccine therapy. Immunofluorescence assays were carried out to evaluate PD‐L1 expression and infiltration of PD‐1^+^ CD8^+^ T cells in the tumor tissues. DAPI (blue fluorescence) stains the cell nucleus, and tumor cells are presented as blue fluorescence. Red fluorescence represents PD‐L1 positive cells, green fluorescence represents CD8^+^ T cells, and yellow fluorescence represents PD‐1^+^ CD8^+^ T cells (Bar, 200 μm). Results of statistical analyses showed significant differences in the number of positive cells (n = 15). All the experiments were replicated at least three times (\*\**P *\<* *.01)](CAS-110-31-g002){#cas13842-fig-0002}

3.3. Programmed death receptor‐1 blockade enhanced therapeutic efficacy of SA‐IL‐2‐modified vaccine {#cas13842-sec-0019}
---------------------------------------------------------------------------------------------------

We examined whether blocking PD‐1 could augment the antitumor activity of the SA‐IL‐2‐modified vaccine. According to the results, combination therapy with the SA‐IL‐2‐modified vaccine and PD‐1 blockade induced a stronger antitumor response, which significantly delayed tumor growth (*P *\<* *.05; Figure [3](#cas13842-fig-0003){ref-type="fig"}A) and reduced wet tumor weight (*P *\<* *.05; Figure [3](#cas13842-fig-0003){ref-type="fig"}B).

![Therapeutic efficacy of combination therapy involving SA‐IL‐2‐modified vaccine and programmed death receptor‐1 (PD‐1) blockade. A, Combination therapy effectively delayed tumor growth compared with the SA‐IL‐2‐modified vaccine or anti‐PD‐1 alone (n = 15). B, Wet tumor weight of each treated group. C, Combination therapy induced the strongest tumor‐specific cytotoxic activities against Renca cells. D, On day 60 after tumor injection, surviving mice in the combined group were injected s.c. with 2 × 10^6^ Renca cells (in the left hind leg) and melanoma cells (in the right hind leg), and tumor volume was recorded (n = 7). All experiments were replicated at least three times (\**P *\<* *.05, \*\**P *\<* *.01). IL, interleukin](CAS-110-31-g003){#cas13842-fig-0003}

In the tumor‐specific lymphocyte cytotoxicity assays, PD‐1 blockade could enhance the tumor‐specific cytotoxic activity induced by the SA‐IL‐2‐modified vaccine (Figure [3](#cas13842-fig-0003){ref-type="fig"}C). Moreover, the SA‐IL‐2‐modified vaccine combined with PD‐1 blockade could effectively protect mice against a second set of Renca cells but not a melanoma cells challenge (Figure [3](#cas13842-fig-0003){ref-type="fig"}D), which also showed that PD‐1 blockade combined with the SA‐IL‐2‐modified vaccine could effectively enhance tumor‐specific immune response.

3.4. T‐cell subsets after combination therapy with SA‐IL‐2‐modified vaccine and PD‐1 blockade {#cas13842-sec-0020}
---------------------------------------------------------------------------------------------

As shown in Figure [4](#cas13842-fig-0004){ref-type="fig"}A,B, the proportions of different T‐cell subsets were measured by flow cytometery. Both the proportions of CD4^+^ and CD8^+^ T cells in the combined group were the highest among the four groups. To further evaluate the effectiveness of combination therapy in enhancing immune responses, the proportions of IFN‐γ^+^CD8^+^, PD‐1^+^CD8^+^ and CD4^+^Foxp3^+^ T‐cell subsets of each group were also detected. The results showed that the proportion of IFN‐γ^+^CD8^+^ T cells in the combined group was the highest among the four groups, suggesting that the SA‐IL‐2‐modified vaccine combined with PD‐1 blockade promoted the production of IFN‐γ in CD8^+^ T cells. SA‐IL‐2‐modified vaccine increased the percentage of CD4^+^Foxp3^+^ T cells (Tregs), but adding PD‐1 blockade to the SA‐IL‐2‐modified vaccine decreased the percentage of Tregs relative to that of SA‐IL‐2‐modified vaccine monotherapy. Although the combined group had more CD8^+^ T cells than other groups, the proportions of PD‐1^+^CD8^+^ T cells also increased. Therefore, the tumor‐specific CD8^+^ T‐cell response generated by the SA‐IL‐2‐modified vaccine requires enhancement by blocking PD‐1/PD‐L1.

![Analysis of T‐cell subsets after combination therapy involving SA‐IL‐2‐modified vaccine and programmed death receptor‐1 (PD‐1) blockade. Flow cytometry or immunohistochemistry was used to detect T‐cell subsets. A, Statistical results of proportions of T‐cell subsets (CD4^+^ T cells, CD8^+^ T cells, CD8^+^ IFN‐γ^+^ T cells, CD8^+^ PD‐1^+^ T cells and CD4^+^Foxp3^+^ T cells) in the blood (n = 15). B, Representative results for evaluating differences in the proportions of T‐cell subsets of each group (n = 15). C, Immunohistochemistry was carried out to evaluate tumor‐infiltrating CD4^+^ and CD8^+^ T cells in the tumor microenvironment of each group (n = 15; bar, 200 μm). All the experiments were replicated at least three times (\**P *\<* *.05). IL, interleukin](CAS-110-31-g004){#cas13842-fig-0004}

In addition, the results of immunohistochemistry showed that the number of tumor‐infiltrating CD4^+^ or CD8^+^ T cells in the combined group was the highest among the four groups (Figure [4](#cas13842-fig-0004){ref-type="fig"}C), suggesting that PD‐1 blockade could rescue the tumor‐infiltrating T lymphocytes generated by SA‐IL‐2‐modified vaccine.

3.5. Concentrations of IFN‐γ, IL‐4, IL‐10 and IL‐12 after combination therapy {#cas13842-sec-0021}
-----------------------------------------------------------------------------

Certain cytokines in vivo may reflect immune status. As shown in Figure [5](#cas13842-fig-0005){ref-type="fig"}, the combined group had a higher concentration of IFN‐γ than either the SA‐IL‐2‐modified vaccine or PD‐1 blockade alone. Moreover, the combined group displayed the highest concentration of IL‐12 (*P *\<* *.05) but the lowest concentration of IL‐10 among the four groups (*P *\<* *.05). No significant difference in the concentration of IL‐4 was found among the four groups (*P *\>* *.05).

![Concentrations of interferon (IFN)‐γ, interleukin (IL)‐4, IL‐10 and IL‐12 after combination therapy. Sera were collected from the mice of each group on day 19 after tumor injection. ELISA was used to measure IFN‐γ, IL‐4, IL‐10 and IL‐12 (n = 15). All the experiments were replicated at least three times (\**P *\<* *.05, \*\**P *\<* *.01)](CAS-110-31-g005){#cas13842-fig-0005}

3.6. Interferon‐γ upregulated PD‐L1 expression of tumor cells {#cas13842-sec-0022}
-------------------------------------------------------------

To better study the effect of IFN‐γ on the PD‐L1 expression of tumor cells, we examined the PD‐L1 expression of tumor cells after culturing with IFN‐γ for 72 hours. Results showed that the PD‐L1 expression of tumor cells was significantly upregulated (*P *\<* *.05; Figure [6](#cas13842-fig-0006){ref-type="fig"}A), supporting the important role of IFN‐γ in promoting PD‐L1 expression.

![Possible mechanism by which programmed death receptor‐1 (PD‐1) blockade rescues tumor‐specific T lymphocytes induced by SA‐IL‐2‐modified vaccine. A, Renca cells were cultured with or without interferon (IFN)‐γ for 72 h, and programmed death ligand‐1 (PD‐L1) expression of tumor cells was measured by flow cytometry. B, PD‐1^+^ CD8^+^ T cells isolated from mice treated with the SA‐IL‐2‐modified vaccine served as effector cells, and the Renca cells expressing PD‐L1 served as target cells. CTL was carried out with or without anti‐PD‐1 antibody. All the experiments were replicated at least three times (\**P *\<* *.05, \*\**P *\<* *.01). IL, interleukin](CAS-110-31-g006){#cas13842-fig-0006}

3.7. Programmed death receptor‐1 blockade enhanced tumor‐specific cytotoxic activity {#cas13842-sec-0023}
------------------------------------------------------------------------------------

To test whether PD‐1 blockade can augment specific antitumor activity, PD‐1^+^CD8^+^ T cells isolated from mice in the SA‐IL‐2‐modified vaccine group served as effector cells, and the Renca cells that expressed PD‐L1 served as target cells. Both effector cells and target cells were cultured with or without anti‐PD‐1 antibody. Results showed that the tumor‐specific cytotoxic activity induced by SA‐IL‐2‐modified vaccine therapy was enhanced by PD‐1 blockade (Figure [6](#cas13842-fig-0006){ref-type="fig"}B).

4. DISCUSSION {#cas13842-sec-0024}
=============

There is currently no effective treatment for recurrence of renal cell carcinoma. In the present study, we report a combination immunotherapy for the treatment of RCC. This type of whole‐tumor‐cell vaccine not only contains all of the tumor‐associated antigens but also maintains the biological activity of cytokine.[11](#cas13842-bib-0011){ref-type="ref"}, [12](#cas13842-bib-0012){ref-type="ref"}, [13](#cas13842-bib-0013){ref-type="ref"} The SA‐IL‐2‐modified vaccine could induce tumor‐specific antitumor response. However, monotherapy is difficult to completely eradicate tumors. Although this vaccination approach can induce unprecedentedly high T‐cell response, the therapeutic effect is usually restricted to the early stage of tumor growth. The tumor microenvironment contains a strong immunosuppressive network.[25](#cas13842-bib-0025){ref-type="ref"} Currently, immune escape and immune checkpoint are under intense investigation. Antibodies blocking PD‐1 or PD‐L1 could enhance the antitumor effect by reversing immune evasion.[26](#cas13842-bib-0026){ref-type="ref"} In this study, we explored whether blocking the PD‐1/PD‐L1 axis can optimize our strongly immunogenic but moderately efficacious vaccination platform.

Programmed death receptor‐1/PD‐L1 interaction inhibits the function and activity of effector T lymphocytes.[27](#cas13842-bib-0027){ref-type="ref"} Upregulation of PD‐L1 in the TME predicts poor prognosis in patients with cancer.[28](#cas13842-bib-0028){ref-type="ref"} Blocking the PD‐1/PD‐L1 pathway has shown promising results in several carcinomas.[29](#cas13842-bib-0029){ref-type="ref"} In this study, we showed that the TME highly expressed PD‐L1 after tumor vaccine therapy. Treatment with repeated doses of vaccine still could not eradicate the tumor, because T cells become dysfunctional through PD‐1/PD‐L1 interaction. These PD‐1^+^ T cells produce fewer cytokines and show less proliferation.[30](#cas13842-bib-0030){ref-type="ref"} Some published studies have reported the therapeutic efficacy of anti‐PD‐1 monotherapy in RCC.[26](#cas13842-bib-0026){ref-type="ref"}, [31](#cas13842-bib-0031){ref-type="ref"} Anti‐PD‐1 monotherapy induces limited antitumor efficacy, likely because PD‐1 blockade cannot induce tumor‐specific immune response.[32](#cas13842-bib-0032){ref-type="ref"} Although anti‐PD‐1 monotherapy increased the number of CD8^+^ T cells infiltrating TME, the antitumor effect of anti‐PD‐1 monotherapy was inferior to that of the SA‐IL‐2‐modified vaccine group or combined group. This finding shows that PD‐1/PD‐L1 blockade should be carried out on the basis of the vaccine‐induced effector T‐cell response.

SA‐IL‐2‐modified vaccine treatment increased the number of CD8^+^ T cells infiltrating into tumor tissues, but these CD8^+^ T cells also expressed PD‐1. Moreover, CD8^+^ T cells have the capacity to produce IFN‐γ, which is a potent stimulator of PD‐L1 expression in tumor cells.[33](#cas13842-bib-0033){ref-type="ref"} PD‐1/PD‐L1 interaction inhibits the function of CD8^+^ T cells, which eventually resulted in tumor progression. It is intriguing to explore whether blocking PD‐1/PD‐L1 can overcome this immune evasion. IFN‐γ is a known mediator of PD‐L1 expression in cancer cell lines.[34](#cas13842-bib-0034){ref-type="ref"} In the in vitro study, we showed that IFN‐γ could upregulate the PD‐L1 expression in tumor cells. These findings suggest that upregulation of PD‐L1 expression in the TME subsequently results in immune evasion. Therefore, an effective immunotherapy should combine a driver of tumor‐specific immunity with checkpoint blockade. A promising approach to accomplish this would be combining PD‐1/PD‐L1 blockade with a tumor vaccine that can induce tumor‐specific immunity.

The antitumor effect depends mainly on cytotoxic effect by Th1 immune response. The immune system is a very complex network, including Th1 and Th2. Therefore, to evaluate the effect of combination therapy on the immune system, both Th1 and Th2 were evaluated in this experiment. Several cytokines in vivo may reflect immune status, such as IFN‐γ, IL‐12, IL‐10 and IL‐4.[23](#cas13842-bib-0023){ref-type="ref"}, [34](#cas13842-bib-0034){ref-type="ref"} Combination therapy involving SA‐IL‐2‐modified vaccine and PD‐1 blockade could induce stronger tumor‐specific CD8^+^ T‐cell and CD4^+^ T‐cell responses. SA‐IL‐2‐modified vaccine monotherapy increased the proportion of CD4^+^Foxp3^+^ T cells. The high frequency of Tregs could decrease the number of mature DC and disrupt the interactions between DC and T cells by direct contact or by changing the immune microenvironment.[29](#cas13842-bib-0029){ref-type="ref"} Interestingly, adding PD‐1 blockade to SA‐IL‐2‐modified vaccine therapy could reduce the proportion of CD4^+^Foxp3^+^ T cells. Although the combination therapy could increase the number of IFN‐γ‐producing CD8^+^ T cells, the number of PD‐1^+^CD8^+^ T cell also increased at the same time. The tumor‐specific CD8^+^ T cell response generated by the SA‐IL‐2‐modified vaccine can be enhanced by blocking PD‐1, which could explain why the combination therapy could further inhibit tumor growth. PD‐1 blockade could overcome immune evasion in the treatment with SA‐IL‐2‐modified vaccine.

A number of factors potentially affect the therapeutic effect of vaccines.[35](#cas13842-bib-0035){ref-type="ref"} The present study has not evaluated the role of myeloid cells or stromal tissue in the combination therapy with the SA‐IL‐2‐modified vaccine and PD‐1 blockade. Further studies will be needed to evaluate the effect of tumor vaccine combined with blocking other immune checkpoints (anti‐CTLA‐4, anti‐LAG3, anti‐TIM3). These studies can optimize the treatment of RCC in the future.

In conclusion, the SA‐IL‐2‐modified vaccine can induce a tumor‐specific immune response. It is suitable to combine with immune checkpoint blockade. The present study supports the notion that PD‐1 blockade combined with the SA‐IL‐2‐modified vaccine could induce a stronger antitumor immunity than the vaccine or PD‐1 blockade alone. Our future studies will continue to explore related immune mechanisms and the effect of combination therapy with other immune checkpoint blockade. These findings may provide an experimental basis for applying this type of combination therapy in the treatment of human renal cell carcinoma.
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